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MTIONAL AjVISOItY GO^;MITTT:s; for AE^a^;;UTICS 



aEIATIOlJ OF rriEIGSITIOiT a;!D KllOCK TO 
By Arnol'-I Bi'^rviann and Lecit-^r G. Gorrington 



The results arc givon of an invr^stigatioji of ^"ome of the 
liTiiit^iUioi^s th'il nov^ prv^y^^rit lacreaGes in tho tornperTture 
lovta of eni::ii\e c/lindor hcarls, ari'l a rev:le-/ of previous vrork 
in the finid is incj.a'lod. to Gupploiaent th'^^se r:^siilts, \tton- 
tion was r^ivr^n, in partlcMlar, to thr^ efi^ctn of fuel knock 
and surface ignition on cylindor ten-f^oratur'-s and the effects 
of cylinder tpm.peratur^-^j^- on peri'ormance. Data were obtained 
from a Tii^ht CpGC air-cooled cylinder and frcn a l^yconing 0-1230 
liquid-cooled cjlincler* 

Tho analysis jiuR^^OGts that the rnlationship botweon the 
curve of iRnition tomperaturo of a f uol-air mxturi7= plotted 
a^'iainst density and tho c^irve of hoi.-i;pot temperature at tho 
tine of ignition plotted against density may indicate -v/hether 
dangerous proignLtion characteristics exist. Tho conclusion 
vas reached that tho rj^neral teap^orature level of the cylinler 
head may possibly be rained, even t:.:ough surface ignition is 
present, proviaed that the fuels used liave safe preignition 
characteristics. The data shovr that l"or short durations mod- 
erate a^idil:ae knocking probab]y ha:.^ little oiTect in creating 
hot spots or in causing surface ignition. 



I[:iTROI)UCTTOIJ 

Conpjr^^hensive inv^ sol. Rations >iavo been male to improve the 
cooling of engine cylinders in order to permit increases in 
engine V>Ot^er witho-ri. oxce^^dlng fairly v'ell-e;:;tablished tr^mper- 
ature iLnits, Of equal ir.portance is the fad; that certain 
cylinder areas should not be unnecessnrily cooled because the 
cost of cooling in high-soeed aircraft may be considorabl'^. 
The practice of cooling hlg)i--tevq)eratur(j regions by over- 
cooling ad,;^acent areas obviously involves a i-aste of pov/er. 
Only by operation fvith all cooling s-oz^faces raised to the 
vnaxirau-'i practical teraperature can mar-V-^urn cooling effect-i-ve- 
ness be achieved. 



The advant^gen of raising the average cylinder tempera- 
tnrrs ] io chiefly in iho lov'ering of the voweT required for 
cy'^.indor cooling and a posriible lov^ming of engine rriction 
with increased cylinder temperatures. The lowered cooling 
r<^jquirement;:i rou'lect on the vreight and dra^ of radiators and 
air scoops in the caae of 1:1 quid-pooled enpin'^s and on the 
fin ^veif'lit.^ coolinf;-air pressure drop, end cowlinfr drag in 
the case of air-coGlf=id enpinevS, Reference 1 havS shown th^t 
for a constant c^/lindcr terriperature the heat loss from an 
engine cylinder is approxirnately proportional to the 
0,6).i pow<^vr of tiie indie- tv^d horsepower. With hi;;her cylinder 
ter!i|>eratiiren i^ie amount of heat to be dissipated is reduced 
because the difference "between the 9,bs te>nperature and the 
c;*dinder teniperatAire is reduced. Also^ b(-cause the fin tem- 
p^Tatwos are hifuier vd-th hi[3her cylinder ter^iperatures, lef:s 
coolinc £:,ir xs required for a f;iven heat .lissipation. 

A sUidy was mrde of cylinder te^^pera'-Aires and of the 
effect of cylinder teniperatiires on enr-ine operatiot) for the 
pnrpone of finding the physical lim:* ta lions that novy^ prevent 
raising the general t^'inperatuj'e level of Uie low-'teiTij-)eraturo 
areas of the cylinder hr:ad. 

A ivide variety of opinions (cnujts r»s to vi^hat is i:-he chief 
drn^rr of hiph cj'li.ndr^r tei^iperatures • Final cyl,inder failure 
obviously resiilts front hi;^h teripeialur^s, hi^;^h pressures^ or 
both. The initi.f^l caiines of failure in question are fuel 
kno il', proJ.f^vi hion, and the f£.ili:re of soalinr devices* The 
failure of st^alirir devices rearers p.:.rticulr^rly in sticking 
pis'-en rin/;S ^u-d other parts such as valvr,^ that may overheat 
\i\\r.n. leakare of -as occurs. There semis to be somo question 
as to tho cycl^' of ovruii s 1^-adinf^ to cylinder failure folloi^ring 
a r ise .in cylinder tenperatures. Th-. particular cycle of 
events obviously d spends upon the conditions of operation, the 
•initial t^jjnp^raturo of tlie various parts, the desi?;:n features, 
and the Tuei. Several poss:ible st^qunnci-s of events follovirlng 
a riso in cyldnder tensper' tures that nay lead to cylinder 
failur.-; are the lollowirr; 

j?\icl knock ->dr-struci.i.ve pressures or tempera tures, or both 

Fuel knock — >h1.gh U^r-pcrafercs — -$>prt:d.gnitiQn — ^destruc- 
t iv e t oTTip t '.r a twr / 5 

Fiv.l knock — >failure of ^^as seals (stuck piston rin^^s) 
destructive pist-on teiripcratur^^e 

Pu.:l knock — >f allure oj? ^^as seals (stuck piston rinrs) 
— > hir:h piston temper a tur.^s — >preirnition 



''r'^lmition 



- >desiructive tnmperatums 



?r :acTi ltion -- ->hif^h tnnHeratur^JS Tu^^l knock >dostruC"- 

tivo tonperaturec an-.l prosGurns 

Proif^nltion --•>hich to:ri;;)eratiires -•^>railuro of gis seals 

(stuck piston rin,js or ieakin;; e:;:haust 
v'llvos) >dc^;truct Lvo tevaperatures 

Failure of gas seals (r;tuck piston rings or leaking exhaust 

v'-ilvc^s) - >high pLston or vaJ.ve tomper- 
a^uros — •>f uol knock - > destructive 
tnmpnraturos and pressures 

FaiJ.ure of ^^as rioalvS (stuck piston riri.gs or ioakinr; nxhaur;t 
valvos) •>high piston or valve temi^er- 
aturos >preif,ni.tion destructive 

teriiperaturfDS 

Failure of f;as s'ial.s (stuck piston rings or .leakin;j exhaust 

valvas) >?iigh piston or valve temper- 
atures - '>f a3l knock — >hi!3h tomperatiires 
— > prciignlt.lon • > dostructive toraperatures 

No atteiTipt is her'^in made to furnish a compl-Ote ansv/or to 
the questions arising froin analyses oi cjlindor failuro, but 
a^'ditional data are presi?^ii-teu. that nay serve to clai'ify sono 
of the doubvf al poivits. Pr^jigni.tion is analyzed as a phonom- 
enon indeperdent of knock, and S'Jine of the factors that control 
proif;nition aro preGent<-^d, Fuel knock is discussed in its 
rotation to on^a-no tei^^crataros • Th^ relation betvveen engine 
tcmporatur^ s, pr:-; ignition, and engine opijration is then discussed 
to show somo of the ol-rysical factors that limit the raising of 
enfjine tempo r at^ii^e s * 

Data fron tc^^ts of both a liquids-cooled and an air-cooled 
engine cylinder are prnsenttd, Thf work was carried out at 
the Lan^ley Memorial AeronautJ.cal Laboratory of the National 
fldvisory Coraiiittee for Aeronautics, 

APPAi^TUS AND ^lETHODS 

The Lycomn>^ 0-125^ si.n.^le-cylinder tost setup used in 
tjiese bjsts has boon fall/ described in reference ?. Teriu^er- 
ature neasur';:r:ients ;/':re nia-V^ with thermocouples installed in 
the cylinder as sho^n in figure lo These theriaocouples v/ero 
installed Y^itliin l/c] inch of the conbustion-chanlier surface 
and were peenuid in place. 



Bondix V-C spark plugs of tlie bottom'-seating type v^ere 
nsed durin- those tests- A thr^rmocouple lAFas installed in the 
tip of the center ole^ctrode by drilling a small bole oxially 
throiurh the electrode. This spark pine y;?.s installed in the 
hole ner.rest fhe exhaust valve, 

/.dditioncil niston coolinf: and cylinder lubrica tion were 
siipnlied by oi.l sprays from txro holes, O.OhO inch in diatneter, 
driilfd in the piston end of thfi r:S f le-drilled connocting rod. 
Theso hole^ w're arranged to direct an oil spray on thr lower 
side of the piston cro^-vn, 

Thr^ cn^-ine nas ccoled with othjlGro rlycol at a teiT^pnra-* 
turfi of 2<Q^ F f:->rceot where otherwifvo specified. Ihe a.iount 
of cool:r..t circiilat^^d v/as maintained constant at pounds per 
Hiinute . 

The setuD of the 7yri^-ht n9G(! c^riindor used in sott.c of 
these tests nl^nilar to the setup oC tlie Lyconiinjy O-I250 
cylJndor. BG LSU6?^ spark rlufS were used in this cylinder. 
The the-^mocouplen in t}ie cyl/lnder head, for measuring the 
combust ion -chW>':r surfac- temu^r^l^^ir.^s, were installed within 
l/c5 inch of the inside of ta3 co^fcU'^tion-'Chanber wall. 
Fif'ure 2 shows the approxibriate loc^vtions of these thermocouples. 



PRi3TGT^ITT0N 

I3ffect3 of Preignitien 

The occurrence of ignition before the spark, as may be 
cauoed V»y ignition from a hot spot in the cy^-indf.r, mav lead^ 
to an exl:rr,me].:^^ early tlTito of ignition with certain fu^ls anr" 
cause hiph pressures^ and destructive toi^perature conditions. 
This . f feet i3 shown by the results repor te d by Spencer in 
reference in ^aMcIi the duration in ihf^ cycle of peak pres- 
sures and tijinoei^aturos wa,^ prolonred several tijTies the nori-al 
valu- after th;:, onset ox h avy preignitlon. Firure 3 sbows 
thvi; (^:ffect of r.fr^rlY ifcnltion/ obtained by afjvancing the spark, 
on the cvLinder t-^nperatirPHS of a Virirht C9GG air-cool.-;d cyl- 
inder. ' Tills curve Vas obtained for operation without knock. 
Tne spark was aclvrriced until the runnine became very ronr:h. 
The 'data indicate that th;- rate of tempe rature rise of t!:^o 
cylinder head increases with e<.fvance anf^le. 

In cases of severe pr-ign:Itlon, t>K. rcte of heat applica- 
tion t<o the coi'ibustion-chanibcr walls may reach several times 



tVu^ nrrmal rata of heat aprlication. As convcintional aircraft- 
ongin^. pistons arc norG or Inss indirectly caol..;(} and, fiirthor- 
Taore, as th.. h ,at capacity ir> snail, failure of the; pistons 
usually occurs soon after the- onset of woll advanc;:d proignition 
and usually b^.forc cyllndar-hoad failure. 

FiP:uro 5 indicates also som<:- of tho of C-^cts on engine tem- 
prraturoB of cl.anging th^ comprv^hsion latio. ;iltli0Ui:;h most 
of the head tempv:ratui^:;S iucr^.ased as th- spark was advanced, 
tho barrel to!iiperataroa f irst dJcroa£^3d, reached a minirruiiTi, 
and then incr:.aGi;d . As the spark is advanct^d from some Iojat 
value to the optimuni...valu.;, the effect is tho same as the 
of feet of incrc.asinc the e:;qmris ion ratio or, normal l^r , the 
Goni,:^rv;Ssion ratio. ^"^ In this case, as the spark >^as advanced 
from 10^ to 20^ B*T-C., v/hich vras t)ie optiir:um spark advance, 
the cycle efficiency incr.^as. d. This incr . anj resulted in 
higher p^^ak toir^peraturos but in lovrer average ,:;as tempuratures. 
In this range of spark advance, the peak teinr^eratures were 
more effoctivo in controlling most of the cylind.:T-head temper- 
atures and, as a result, these cy^inder-h^ari temperatures 
incr^. as-d. On the other hand, the barrel teToporatures were 
more influenc^^d by the average gas temrieralure during the 
expansien ^- trokc and therefore d/cr'asod. The e xhaust- valve - 
guid: tc^^roperaturf^ .vas influenced raainiy by th^: exliaust-valve 
tetnpnratur^j , i^hich in turn was iniluencad mainly by the 
.ixpanued-'gas tempcratur-f . The exhauat-valve-guide t^^mp^raturc 
ther..fore behaved more like the loiver barrel t;.mperatures • 
As the spark v^a^ advanced beyond th.-- optimum position fmm 
20^ to P/r,G., all rngin.; tanperatm^es incr eased because 
coni^iustion vvar: taking plac ^ too early in the cycl.;). There 
-v^ras thereof ore no f\irther increase in the effect ivo expansion, 
and the suini of th:^ h;at losses diuring th-; combustion process 
an'J ^.;:q3ansion stroko became successively gr ^atur. The con- 
clusion ctam from thesti data is that an incruas.: iji the 
com[)ression ralio of the engane ^nay iner:^ase all the cyli-ndcr- 
b^ad t3mpi:.ratures except those -influenced mainly by the exhaust- 
gas temi-erature and will (fcc)'.:ase the barr^-^l t'.v':rp.;ratar ..s. ' 



Treignitign and I\nock 

Preignition is som. times accoTaeanii^d by fuel Icnock and is 
often the" forerunner of fuil knock. As vail e.. shevm later, 
howevv.r, th.jr' is consid^jrablc jvidenc . to shov/ thai the occur- 
rence of mod^-;x^ati. audiblv. f ujI knock for short durations may 
have only a slight off.xt in cauning s^irface ignition. In 
this respect, it has been point^id out in ref ,;rence3 k and ^ 
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tliat preignition and fuel knoQlc ar/^ separate phenomena and 
should "be treated as such^ Apparently ^ much lalslnformatinn 
exists as to the relative? ??ffects of fuel knock and prelenl* 
tion on piston and cylinder failures. 

In a great number of cases of ©ngine failure, the prlriiary 
cause of failure has undoubtedly bef>n erroneously attributed 
to fuel knock rather than to px'^^tgBitlon, This conclusion 
has, in a msnber of cases, followed from the fact that the addl* 
tion of tf^traetlij-1 lead (TI3L) to the fuel prevented a recurrence 
of the difficijdty. This conclusion is Justified, provided 
that the iise of tetraethyl lead affects only the knocking prop- 
erties of the fuel. In reference 6, Heron states as fcHovs: 
''Some evidence obtaijied in Tf^idti cylinder aircraft ^^ngines 
suggests that tetraethyl lead has an effect in suppressing over- 
heating of the cylinder unit that is out of proportion with 
its properties of suppr^sing audible knock and controlling the 
rate of pressure rise, Ti^traethyl lead in quite small concen-^ 
t rat ions has a remarkable cffoct in suppressing pre ignition and 
autoig^ition. This possibly suggests, in viev of the pronounced 
fiffects of lead in allovir^ increase of output in engines of 
high cylinder- vail temperatiarf*^ that the tendency to preignition 
is one of the major causes limiting the usef^oln^ss of a fuel 
in such engines," 

This effect of lead as described by Eeron is fiurther sub- 
stantiated by the data of reference 7, in vhich it is shown 
that lead increased tho radiant energy of combustion. The 
results reported in reference 8 shoved that increasing the 
octane number of a fuel by adding tetraethyl lead or by adding 
benzol also incroased the preignition limit. Additional data 
on the effect of load on cylinder temperatures are sliovn in 
figure 4. These data vere obtained under closely controlled 
conditions for the p'orpoae of shoving the effect of lead on 
tomperatixres. It will be n-^ted that, although the temperatures 
obtained with the leaded fupl are generally lower, the effect 
is relatively small. The addition of lead had little effoct 
on the temperatui^e of tho spark-plug electrode and tho average 
barrel temperature, 

A consideration of the theory, vhich states that the 
occiirrence of knock de^pends upon the density and temperature 
of the last portion of the charge to birrn, indicates tliat 
preignition vhich causes the end gas to burn nearer top center 
also tends to foster fuel knock whereas preignition which 
causes the end gas to buni veil ahead of top center may lessen 
tho possibility of fuel Icnock, This theory therefore fiornishes 
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one explc-nation of -v^hj pr^jl £niti<^n is often rccoTripnnicd by 
l:no::k and why^ in other cases ^ in wliicli proirnition may be 
severe onough to cau.se immediate cn^jine failure, fue^l Vnock 
may not be present. A specific instruice of this nature is 
referred to in reference 0» The t^-pe of fuel obviously has 
a in^irkod effect on the prelgnition characteristics • 



Effect of F^icls on PrGifTnition Characteristics 

The use of certain fuels is knorrn to cause higher surface 
tfjiTiPtiratures for the same povfer output than others. This 
characteristic is generally found in the aroriatic fuels. In 
this group benzene causes particulnrly hii];h temperatures. 
Additi^onai data on this s^ibinct are shown in figur<i i/vhich 
coTTipares the surface tomp':ratur::s obtained -^ith S-1 and benzene, 
Althcurfi the heat ccnt-nt of ben;^cne is loT^v^r -Uian tiiat of 3-1, 
the cor^^bustion temper a turi:.:S arc hi^:her, (See rtforence 9.) 
Studies made of the incliccitor cards for S-1 and benzene show 
no essential difference in the pressures obtained (reference 



Run-"/v/ay Prcifnition 

i!;ni?:ines opera tin,=^ v^ith certain fuels such as bonc.ene h?.ve 

a tendency to "run avcay'' once pr(;ir?;rd,tion is encountered; 
-whereas with other fuels, sach as iiiooctane^ cp^jration is in 
general quite stable- during:; self-ictnit^ng operation* Trie use 
of such fuels as benzent: is drmrir^ro^^s because-' ^d.t]i these fuels 
preiv;nition may become sevor.;^ eucn^'}^ to ^\rrr:0]< the cylinder in 
such a short time t^iat no appreciable ris in bvinperaturr or 
lower i^ir of the enf,ino ou-cput is noiic.d by trie operator. As 
previously noted^ the reason for burn-d pistons, rines, and 
cylinder parts cen be understood from a consideration of the 
lonp- diu-^ation of t;he peak ]jre3sure5 en. I tenipcratur...s triat 
results when ignition occurs early on th.; compr-ss-ion stroke. 
Tlie inertia of the rotatlnc p-rte of hirh- sp^ ed sinplc^c:,^l.inder 
enjRinee and the po//er of the regaining cylinders that are 
functioninr normally in rmlti,oylindv;;r engLues tt;nd to miniTnijsc 
■the immediate effect of power drop caused by (.xtr^.-:me ipiition 
advance of one cylinder. 

Factors Controlling Stability of Preig:nit:lon 

The question of vfhether surface i^-nit.ion wi.ll result in 
a steble ignition advance is apparently dependent on the fuel 
and the temperatu-re characteri.stics of the surface causing 
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ignition. ' Tn^tability of i^^iition advance vrith certain j?uo1s 
occurs vflth rising surfaco t -raperatur'^^B . Reference 10 has 
sho/m that, once ignition is started in a riven locality, the 
surf ace of that locality v/ill show an in^:"!ier]iaty ajid marked 
rioe in t eraperature j that is, when a hot spot becomes liot 
enovigh to cause ignition, its terip^rature is farther increased, 
TJnd^^r certain conditions it is this i?icrf^ase in te;nperature 
of the hot spot that loads to a r'aoid advanccj of tlie ])i'eig- 
nition aiid sudden engine failure v^lth certain types of fuel* 
Inasinuch as spark plugs ar^. alrr ad;^- sources of if^nrtion, their 
initial rise in temporaturo, c"aas:id "ty/ tli^ir boconr.ng sources 
of ignition, has already taken place. Furtl^or increases in 
spark-plu^;; temperature riust co^ne from changes in operating 
cortditions, sucli as pow^r increasps, or Trorn. an advance in the 
time of ignition in the cycle. 

The variation of ignitivvn lag and i^^nltion tenperature 
with pressure change possibly deter^^ines v^hether the ignition 
characteristics of a fuel are dangerous. The relationship of 
the curve showing the variation of f aol-i^-Tiition t emperature 
(or hot-spot tepix)eratii3>3 required for ignition) var^h density, 
for constant ignition lafr (illustrated in fip. 6(aj), with 
r-iSpect to thc: curve sIiO-;in,^ the variation of the temper.iture 
of tJie igniting surfac*?. (hot spot) ra.th tlie pus doi^sity at 
the time of ignition (illustrated in fig. 6(b)) possibly deter- 
mines the ti:-ie of occ^irrence of surface ignlLi:)!^ in the cycle • 
The ignition curvo of positive slope ;.ath the ignition zone at 
the lower rather than the Iiigher temperatures is jiistified by 
data presentRd in a sui^S'^quent ligurp. The hot-8]:)ot teripera- 
ture curves are drav/n with different slopes to shov; a series 
of possibilities without discuGsinf; ttie r' masons for the parti- 
cular slopes. 

Tnasriuch as these CTvrves (fl^^s, 6(a) and (b)) may be 

plotted to the same scale, they may be superimposerl as sho\7ii 
in figure 6(c). For the first example, slope a is posi- 
tive and slope b is negative. Suppose the cylinder is 
operating vjlth a hot-^spot terrperature a^ !• This hot-spot 
terTperature causes ignition at the density repi^esentod by 2^ 
Ifjidtion at this p^oint causes the hot-spot temperature to 
rise to J, which causes ignition at )|, The hot-sj^:^t teni- 
perature then drops to 5 and causes Ignition at 6, This 
cycle repeats, and a condition of equilibrium i.s reached at 
the point of intersection of the tv\o ciu^ves. This point 
represents a donsity corresponding to an ignition before tlie 
noririal sparl; ignition. The degree to vrhich this preignition 
has advanced d.e])enc]s upon t}\e conditions of operation and the 
fuel. In some cases it may stabiliy'.e a very short distance 
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ahead of thn spark a?id cauae no bad effects, vrfiil-f^ in other 
cases it may not stabilize until it ?vaa advanccid a great 
distance ahead of the nomal spark, causing damage to the 
engine . 

For the purpose of this analysis, it must be assumed 
that the hot-spot-temperatvire curve represents the temper- 
ature after the hot spot has become a som^ce of ignition j 
that is, after its initial rise in temperature due to its 
bocorninE a source of ignition has taken place. This con- 
sideiation, of course, applies only to hot spots other 
than the spark plugs. 

In actual engine operation the path of the hot-spot - 
toTaperature would not be sho^m in figure 6(c) because the 
temperature c'lange from cycle to cycle virould be very smll# 
Instead, the ignition v^ould progress up the i^jnltion curve 
in very small steps \mtil the intersection vms reached, as 
shovm in figure 6(d). A mathematical treatment of these 
phenomena made by Dr. David T. •Williams of the therniod:>aiamics 
di.vir'.ion a^.pears in th^ appendix. Figure 6(c) illustrates 
the point to better advantage and rej:)resents the final con- 
dition of stability, in vfhich the steprj shown are infini- 
tesimally small* In figures 6(e) to 6(i) this method of 
illustration will be Uv'^ed. 

Figure 6(e) shov/s a case in which slope a is negative 
and slope b is positive , As the hot-spot temperature is 
increased from 1 to 2, the point of ignition is moved to J. 
This movement causes a hot-spot temperature at h, v/hich 
causes igixition at and so on. A condition of equilibrium 
is reached at the point of intersection of the two curves. 
Here again, tlie degree of preignition encoizntered before 
equilibri^im is attained depends on the conditions of operation 
and the fuel. 

If slopes a and b are both negative, and if slope b 
is ^^reater than a, an muitable condition exists. In 
figure 6(f), a rise in temperature of the hot dpot from 1 to 
2 causes ignition to occiu^ at 3» This earlier ignition 
causes the hot-spot temperat^xr-e to rise to Ir, whicli causes 
more advanced ignitivon in the direction of <. In this vvay, 
the ignition occurs earlier and earlier in each succesive 
cycle and run~ax7ay preigniticn takes place, causing probable 
damage to the engine. If preignition starts by a rire in 
hot-spot temperature from 1' to 2', howev<:r, the point of 
ignition is unstable in the other direction; that is, the 
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preignition retards tovfard top center until no longer 
exists. The direction in Vvrhich proignition pro^^resces, 
then, depends on y^^hxch side oi the point of intor section 
it is started. 

Figure 6(g) illustrates a case similar to figure 6(f) 
except that slope a iv^ greater than slope b, Frr:n a 
line of reasoninf^ sir?llar to that used for fiffure 6(f), it 
is seen that preignition in this case 7/ill become stable at 
the point of intersection of the two curves, regardless of 
the side on vmich it is. started. 

If slopes a and b are both positive and if slope b 
is greater than slope a, an unstable condition exists sone- 
what sirriilar to that of figure 6(f). The Illustration of 
figure 6(h) shovfs this condition. The direction of progress 
of the preignition depends on v/hich side of the intersection 
it begins. 

In figure 6(i) is sho^.*n the case in miich slopes a and 
b are both positive, and slope a is greater than slope b. 
It is readily apparent that t:ie preignition becomes stable 
at the point of intersection of the t;7o curves, regardless 
of the side on which it is started. 

The foregoing analysis sliows tl.at the tine of occurrence 
of surface ignition will depeiid upori the following conditj.ons: 

Condi tion (_! )_« - If the slope of the carve of fuel- 
ignition teoiporature against density is opposite in sign to 
the slope of the curve of surface ter.perature against density 
at the time of ignition, tlie time of ignition will reach so-ne 
stable point and vrill neither advance nor retard from this 
point. 

Con dition (2 ). - If the slopes of the ciirve of fuel- 
ignition temperature against density and the curve of surface 
temper, Lt are against density at the ti:ne of ignition are both 
negative or both positive, and if the slope of the curve of 
fuel-ignition tanperature again:;t ^Innsity is the ssrnaller, the 
time of ignition will either advance or retard in an unstable 
manner. Vmen both curves are negative arid the slope of the 
c^orve of fuel-ignition toiaperature against density is the 
smaller, the direction in which this unstable ignition time 
moves vrlll depend upon \^hether the hot-spot temperature is 
greater or less than the temperature at the point of equal 
hot-spot and fuel-ignition t.^mperat-'ore . If the Iiot-spot 
temperature is grriater than the temperat^.ire at this point of 
equal temperatures, the time of ignition Yrxll advance in the 
cycle , 
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Condition " ^-^ slopes ox the cvrve of i^uel- 

ipnitron'Teniper?r^^^^^^^^ against density and the curve of surface 
temperature af^iinst density et the time of j.gnition are both 
negative or both positive^ and if the slope of the curve of 
fuel-ipnition temperature aj^ainst density is the greater, the 
time of ifinition will reach some stable point and mil neither 
advance nor retard from this point. 

Ipinition-temperature curves for sev'?ra] fuels are shovm 
in fip:uro 7, as reproduced from reference 11. Fif.ure 8 shows 
ignition- temperature curves for asooctane and ben:::ene taken 
from fiffure 7. The ignition lag v/as held constant for the 
curve for isooctane at a value of 1 second* Irnition- 
temperature curves for la^^s corresponding with those encoun- 
tered in hiph-speed engine operation roald probably lie to 
the right ct hiKhor pressures and upward at hic^er temperatures. 
It is appc-rent that, for any piven hot spot;, the stability of 
preignition largely depends upon the position of the isniticn 
Vv'ith reference to the ignition- temperature curve. The cent in- 
u.ously chanr^in-f^ slope of the ignitions-temper'.: tuxo cirrve changes 
the relationship between itself and the hot-spot-temperature^ 
curve as t^ie temperatures or densities are changed. For this 
reason operation in an une. table part of the ignition- tempera tvire 
curve soon advances or retards tho. prelcaition to a stable 
part of the curve unless the operation is on cither end of the 
curve, in which case it may or may not become- stable, depending 
on the direction of initial instability. 

Unlike the ignition curve for isooctajie, the ignition 
curve for benzene -^xtnnds upv/ard to the left, as shovm in 
figure 8* It vail be noted that near one end of the curve 
the ignition lai;>, is 10 suconds and no;ar the other end it is 
50 seconds. A curve for constriit ignition lop, would probably 
have a sm^all slope. curve for very sliort icnition lags, 
suvch as are encountfjred irx engine operation, v;ould probably 
lie to the right at higher pressures and upi^ard at hif^hcr tem- 
peratures. Because the slope of the ivuiition ciirvo for benzene 
is small, it is probable that a curve cf hot-spot tempera t\u:*e 
with a negc tive slope would have a rreator slope tlian the 
ignition curve, and run-away preipnit.icn wwild take place in 
most cases. 

The forcgoinf: discussion may explain vdiy engines have 
suddenly failed vfhil': operating with bonz-cne x«rhen siu-^faco 
ignition has taken place bub have remained intact while oper- 
ating undor identical or higher temperature conditions vrith 
isooctane. As the igniti on- tempera tviire curvo for bin.zonG is 
also charactiiTistic of that for mcthaiie;, acetone, propylene, 
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These data slio^^ that the temperature;:; of trie co^nbusticn- 
chamber surfaces chango very appreciably -vdth pow:^r and raix- 
ture even though the tomperatui'o criterion is maintained 
constant. This trend is particularly noticeable for the 
areas having so^ie degree of tliernal isolation, such as the 
spark-plug electrodes • 

The most valuable criterion of toiiip'^rature control, y/hen 
the danger of preigultion is consider^Ki, is obviously the 
highest teiaperature in the cornbustion charfoer. This point, 
hovfever, maj- not remain the highest during all conditions of 
operation • For example, the exliaust valve may have a higher 
temy.^ei^at'ire than the sparlc-plug electrodes only d;iring very 
lean-mxture operation when the over-all biu^nin^'; period as 
greatr^r, Unf ortunate?Ly , th.^ hottest art^as in the ccMabastion 
chamber pres^iat the greatest difficulties in takini^ teinper- 
ature ineasureiuents • The same obstacles that m^ike tnese 
surfaces diffic\il.t to cool also i,iako neasureyient of temper- 
ature difficu'it. 

The abnorTially higli teraperatures in the combustion 
cliarober that r^''sult fro)-^ Irborioration na.- not be reflected 
to any great extent by the temperature criterion. For 
exanTt:)le, the overa^^ating of exhaust valves, is caused by 
excessive vve xr of trie j.'i}idesj may not be inlicatod to any 
appreciable extent by the teiaper-.iture of the r-^ar spark-plug 
boss. In experimental test v^or]:, the te^n])e.raoure of the 
exh lUKt-valve ruide nay prove to be a valuable supplemont to 
t}\e temperature of tlie spark-plug boss or of the coolant* 

Spark-pJ-Ug temperatures , - In present-d^iy en^^ines, the 
spark plu^ is probably the~^ost vulnerable part of t-he 
co:nbustion clivarnber as concerns preicaiition- The problem 
of spark-plug cooling is one oi maintai.ning sirTf iciently 
high insulator and electrode temperatures to avoid fouling 
at lov^?" outo'jts and of pi^evcntiu^ insula t(.;rs and electrodes 
from reach ine preignition temperatures at: hif^li outputs, and 
the solution for higher outputs lies in obtaining; adequate 
te:^ipera- iir^j cnntiol or in obtaining spark plu^^s resistant 
to fouling; at lov;er temperatures. 

T'ist results in fi^^ure 10 show tbo variation of electrode 
temperature wj.th indicated mean ef fect.iv) pressure. If a 
temperatur of ''■>00'' F is assumed as the lov^est safe} nonfouling 
temperature, the lov^est per-^issible indicated me ..in offocti7e 
pressure is ^tO pounds per square inch. Likewise, if 1200**^ F 
is assumed as tlie maximum safe el^ctrrKie te^nperature, thv.: 
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hip;hc:st allcv«-able indicated mo.PAi effective presnnrc be 
26U pounds per square Inch. The lov/est allowable tnmperature 
is obviously a fTmction of the duration of operation and the 
amount of oil and fuel being consumed and;, likewise, the upper 
temperature limit is a function of durabilitj'- of the spark 
plu^3 at the elevated temperature as well as a fimction of pre- 
ignition. From the curves of figure ].0^ it is apparent that 
a small increase in the allowable rnj.nimum indicated mean effec- 
tive pressure^ -which would permit the use of a colder operating 
spark plur_, vj^ould greatly increav'^e the allovv^able maximum indi- 
cated mean effective pressure. LiK'ewise, any improvement in 
the plup insulator that will permit a temperature increase to 
approrich the surface ipnition limit (1300° to 1600^ F) wi^ll 
greatly extend the ind:icated-mean-effective-pressure ranre. 
The practical temperature limit of mica plugs is approximately 
ICOO F, as the mica tends to dehydrate above this tnmperature. 
This dehydration causes it to expand and to become brittle 
with consequent leakage (reference 15). Tests were recently 
made at L^ngley Memorial Aeronautical Laboratory to ascertain 
the effect oC small controlled gas leaks through the mica on 
the electrode'-tip temperature (reference llj.). These results 
showed a considerable temperature rise for small amounts of 
pas leakage. 

Other factors remaining constant^ the temperature of any 
area in the combustion cliamber is an indication of the resist- 
ance to heat flow from that area in the combustion chamiber to 
the coolinp; means* A high temperature at the spark-plug 
electrode indicates poor tieat flovj frora the electrode to the 
cylinder 7/all. T}ie coolant temperature wouJ.d therefore be 
expected to have little effect on the tcmperc:^ ture of the spark- 
plug electrode. This effect is indicated in figure 11(a), 
in wliich the temperature of the spark-plug electrode tip 
changes approximately 0.3)4*^ F at. a coolant tem.peratA.ire of 
2.^0^ F for 1^ F ciiango of the coolant temperature. 

Highly heat*'^d areas, which are subject to hi[-;h rates of 
heat application caused by the flov/ of iiot gases but which are 
not thermally isolated, v^ill obviouvsly respond more to change 
in jacket temperatures than v/ill the spark plugs. This con- 
dition is probably true of the exhaust valves. The small 
effect of jacket temperature on spark-plu^ temperature illus-- 
trates th6; fi-tility and cost of at toi^iptinf: to cool hot spots 
in the combustion chamber by lov^crinr; the temporaturf- level 
of the entire cylinder head. From this line of reasoning, 
it would app':'ar thatj in order to cool hot spots, (?vcry effort 
sh.ou.ld first be ma.de to improvr. thf; ttiC-rmal conductivity from 
the hot spot to the cooling medium before increased cooling 
for the entire head is attempted. 
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In rofer^nco 10 it was shown that little change, in Glee- 
trodo tempor'ituro m3 effectr^d by vvitex^-cooling thr? external 
portion of tho s-.ark plixe* This result indicates that little 
exterision of the* operating range of spark pings can be expected 
by oxtnrnal cooling unless tho tempf^rature gr-idif>nt betiveen 
the electrode tip and the external portions is reduced. 

Temperature reductions in spark-^piug cl !ctrod':*s of as 
much as UOO^ 7 have? boon obtained ( refer enc^-^ 10) b/ cutting 
out ths ir^nition f roii the nnark pla^t on v^hlch the *ieasurofnf?ntG 
YTOTB oelng taken. Those data 3U£=;gGSt a :aGthod of reducing 
spark-plug temperatures that wald obviato the f oulinj^ diffi- 
culties. At high outputs two pairs of apark plug^: mght^bo 
used alternately, one pair Cor one cycle, the other pair for 
the follo^ring cyclo, etc, tit idlinf; speeds, a singlrj plug 
could be fired diarinj: each cycle. If such an arrangement 
were practi.cal, it i^o^ad extend the upper po-rer linit by an 
appreciable amount. 

The fuel-air ratio haa a raarkod effect upon the tempera- 
two of cO'Mbuation-charaber surfaces, especially i3park-pluc 
electrcMes and other aroa^ that have anv degree of thermal 
isolation f This effect is ao f^reat, in Pact, that the tem- 
perature of spark-iolug tilectrodes has been used as an indi.ca- 
tion of th-. value o? the fuel-air ratio* The curves of 
figure U(a) show this effect for the -Tisht C90C cylinder. 
From these curvovS it is apparent that the problem of spark- 
plug cooling j.s ^^--eatrist n-ar the stoiohioraetr Ic niixturre. 

Exhaust vj:ilve ^^1^ j^eatM;^ - Fevr data aru avail- 

able concerni^ig tlvr'te^^r^Ati^ exhaust valves 

at hi^^h outputs^ Althnugh no ^lata r^^^ro talcon of exhaust- 
valve tenjj3eratures during ther?e tests, information wa^v obtained 
on the teTnr)erature of th^ ^'^xliaust-valve guide and of the ^etal 
betwnon the valves aijaeent to tlio valve s^oat. An the heat 
flow from the valvo Is conducbcd through the^f-^ arcar-i, the tem- 
peratures of tlioso; areas furnish a fairly good ind^ijx of the 
exhauGt-valve tnTm-)*-rature . 

The tenperat-ureo of sodium-coolud hollow-hoad exhaust 
valves have been ]'r::Sontod in reference 1^. These moaaure- 
jnents shoi/^r that, in norml operation, the tempcraturo of tlio 
center of a large conventional valv.^ of the type Uv'ied in an 
air-cooled engine may r':^ach a value of IJOO^^ F with a temr^ora- 
turo of 1100^ F at the seat .^md that the v^ilve stem at a loca- 
tion n^ar th^^ f^idr:, when closed, may r^ach a temperature of 
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vslif^hbly less than 900^ F. As exhaust valves are scrubbed 
T^abh the hot gases on all sioeSj the rate of h;^3t application 
is very hlf^h/and the tomnorat^ire attained may not ba an 
irdication of tlie . yicgr^^e of therrial isolation of the valvo 
from the cylirider lie ad. 

In roforonce 16^ changiag from a hollow-h.jDd valve mth- 
out sodiun to one v^ith sodi-jju. raised th3 valvo-guxdo teinporatiiro 
approxi?nately 110*^ F, as tho flow of heat from the exhaust 
valve to th'^ cylinder head is by conduction, a changci in 
valvo-guido toiiiperaturo or valvo-soat t^^iTiporatiu'G vvill c^ffnct 
a somewhat 3!D.alif;r change in tho valve toinporatures under 
consta:it pov/r^r conditions. ^ Furthc^r^iiore , figure 11(b) shov;s 
that an a^.-pr-^ciablj^ I'^r^o chanG^^^ in coclarit tc-M.ipGrature is 
requj.r jd to caase a p,iv?::;n change in tho tempc^rataro of th^rs 
head adjacent to t he valve seat. Thn change in the tai'ipor- 
ature of th^:; cent'^jr of tlio head cimcunts to ^ipj^roximately 
0.61^ per l'^ change in coolant Lotp^pcraturo at 2^0^ F coolant 
temporataro. 

The rato of riso of te)nporatur<^? of exhaust valv::iS v/ith 

incroa.::e in powor should he dotcTrrn-^ n;id. Tlie slope n of 
th':^ t:)r'03';.'X'aturo curvo of tho exl'»aurit-valvo gaida as shoim in 
fig-iro 9 indicates that tiio cxhaus t-valvo-guid"; tomporatur^-i 
ris-^s ^nuch faster than thvi te!npt;raturc of tho head botwoon 
th3 valvet;, Tho exhaust v^vj probal)ly b-^liaves similarly. 

Y.rrj little irriormation is availabl^^ to shoi^r hovr clos'^ly 
prosf;nt 'Xhauj^t valves are oporating vith rr^apoct to pr-^ig- 
nifcion liT^dtM. Exhaui. t-vo.lve ternporatur^es aro at pr^^^sont 
probably too c1o;:;g to the mxin-^iTTi allovrabl'^ liiiiit to porriiix. 
any incr,;asc in the cylindor-lioad tempOTaturo 1^-vel* This 
conlition particularly ajpliies to th-j loanor mixtar^s, as is 
indicated by tlio rapid rLr;e in exhaust te-niperatur -s shoivn in 
figure 12(a) and In tho t?::mp^: raturo of tiib guid^j sho^^ in 
figure l?{h). A mor^ dArect rni^thod of cooling; tlio cixhaust 
valve v^ould pcrmj/t an increaso in the cyilnd^cr-hoad t07:rpcr-' 
at are Il/vj;!. 

In r :rerenc-^ 1? tho state-nent is laaT;:} that a limitation 
to exhaust-valve tr:;!nperaturnc is th?t rapid oxidation of valve 
st^;^^ls and stelliteiS in the T)rescnco of loa^l oxidu at te'^per- 

teres ^^ibove l^oO^ Below this tefRi eratiiru , lead atiack 

vn.Ll not occur. A ^nlxture of l'.^id oxide arid iron oxide was 
found to for'^i an insulatini^ layer that tends to foster pr':^if^- 
nitiou* These dif iic^:^lties a^jparently lii^d.t the practical 
te^nr.)erai 4r.. of t>ie exhaust vulve to around 13'"0° F for satis- 
fact(>r^'' oneration vrhen available mat-.rj.als ar~: usid. 
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Little is apparenijy known concerning: the effect of n;as 
leokare b^^tv^een tho oxhauot-vnlve yte^:} and bhc r^uido. Although 
leakace at the seat may cause' erosion n.nd v^-arpiny, quantitative 
dat.M. are lackli^g. V^orn v:tlve guides are knov.Ti to cause Iriglier 
valve temperatures p Any appreciable H.ovi of hot exhaust gasi?s 
throu^-h the guide, is -nigVit result Ttfhen a large difference in 
pr^ssiire O/zi stG bet^veen the erhaust port and the rocker-arm 
iiousinr^, will f^robaoly- resul.l in a very appreciable ri^:;e in 
exbaut::t-valve term-erati^re. Such: a co?\dition vfould be obtained 
i-vith the use of au ejdiaust turbine. 

Effect of:_ sharp edt^os and carbcjii_de£0j>i_t^^ - 
Sharp''e^dRes'7'si{ch' "as exposed spark-tAus threads, are co^vnonly 
believed to can.se surfaee ignticn unaer certain conditions. 
This statement a:o oli^^^s to sharp edr.es of materials having 
nieltinfT poiiits above that of the ignition tenvperat^u^e of the 
fuel* " In this respect little difficulty has ber^n experienced 
at L'IaL TJ-ith exposed threads of aluminiu:! alloy, ming to the 
fact that the:50 tlireads soon iielt away 'v.lien overhealinc occurs, 
The bebt renedy for exposed threads is obviously their elini- 
nation. This^tateinent applies particvtlarly to steel threads • 

InfonTiation concerning the effect of carbon deposits on 
preignition is r;ieager. Tests at L>^AL h^ive sliovm that 
grapaite teud;^ to burn avray at a temperatm^e of 900' 
Carbon deposits will most; likely hwrn avmy at abont this 
temperature, If so, for operation at a constant load, 
carbon deposits are not lilcely to be a direct source of igni- 
tion for any length of time« Reference 18 ha:: sho^:n tliat 
cirbon deposits vary in tliicknecs inversely as t'le severity 
of operatinr: conditions. The thickness of the vleposits 
increases until the clecrease in triervaal conductance through 
the carbon layer is sufficient to bring the outer surface 
to the ignition temperature of the carbon. ^is tlie thickness 
of carbon deposits increases with decrease in te;U^:eratiu-e, 
extended periods of o])eration at reduced loads and lovrf- 
cylinder te^nperatares tend to bulla up relatively heavy 
deposits. A ^^udden increase in. po^:^er raay then cause a 
momentary pea^iod ^:>f preic^nition durin^^: tlve tirae required to 
burn avay the carbon^ 

If carbon deooslts are a source of tr edible as caused 
\jj preigni.tlon J the solution is evidently not one of better 
coolinp:. Increased cooling only tends to increa'-e the 
thickness of tlie carbon layer and thas ef f(=?ctively raises 
the conpression ratio. The solution, hoTvever, -lay be one of 
chanr^ing tiie c i -racter of the car>>on deposits so that i^-nition 
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of the carbon v'ill tak^j place at a loii^r temperature. X 
b^^tter solution; ho-^ever, v;oul1 be to provide a fuel of such 
char9ctori3tics that surfac.3 i^^nition can be tolerated witliuut 
fear of da.r.aj;;e to tl'.e eufpriO. 



Effect of Pnol Knock on Cylinder '..e^jeratures 

The rise in cy lind'-^r-head ter;,perd.T ure3 with the or;:;ot of 
fuel knocic in often mojition/^d in tho 1^ toratur^^, i^ut fe*^f 
record^?d data demcnritr.ati.n5- tbi3 fact havo bean prosonto^l. 
Figures Ij and Ih sho^j the onfjinr: i^orf c;rnianco and cylinder 
terii/)eratures as a fnnctiun of pov^or cutout when en^^ine o.jera- 
tiOii, orliijina]!/ well below the audible !:no:ikirt|^ conl.itior, 
vfus incn'oas:.'^d to glvo audrlblo knoch. 

In those fifruT'es and in th;^ iiscunaions ;>r'-sented n^rein 
tho folloTfinij dofiULtiors hold true: »'AudiVile pin^dn;/' lefors 
to the vory firjt knock ohiaL cm bo detected by ear. ''iiudiblo 
knocid^ r^-iferi:; to a knin-;k lev"?l obtoiiioa by incr^aGlni:^ t'le 
unlet i)ros5;iro b;y -5 01" ); 2>ercent above that i'or audiVde pinkinp: 
'»Vi-'>lent knock" refei'?^ to Vho ki^ock level obta.uned by increa^^in 
the inlet prei^sure by ai':>roxii:;ately 20 pei'cont ..ihove t/iat for 
audible pinking, 

The three fnels used j.n tho tostf^ of fipuros IJ and If; 
"o-:re; a lOd^octane rofererce fuel (S-l), a y^-octano ruferonce 
f uel (i?0 percent S-i plus ] 0 pei c^ut Mr'2) ^ and a yP-octune 
reforeace fu'-»l nlus 1 ml tetl^aethyl leai. The addition of 
lead to the yP-octanc referonce fuel raised the octane nuinS^er 
to approx^;>atoly 1^)0. 

Soecial care v-as e3:erci^ied duidnr: t:ieso tOotL. to held all 
ni: the enrjlne cond.iT,i --uj:^ couGtant o::cept tho:;e varies], exn>er- 
inentally. The fuel --air loii io ^;as held constant ai^ a value 
y;LY±pfi peak ter^ioeraturee ♦ In this part of tho inixture curve, 
^.l^;:•;ht eri'or^ in. tiie i/iixtriTe have 1 iutle effect on cylinder 
te'fir)eratui*cs. The fuels ane the ceolj.n;' cenditi:^ns -v^ere 
chosen, to clirdnato any norsibill t;;; of adtojd'irin,^ or pi'eig-- 
ni.tion* Althonab It v?aa i^io^^ssible to i:-ai itaLn coolin^?; con- 
ditions exactly censtarit, tl^e !iecossai%' cylpnler t-onp-rature 
correc^.aoDS wre a;u:^ro:::l:moly 1^ or 2"' 

In these expor b'^onts tlie conditions of tt?st vj-oro ]\eld 
Goastant for n -t jnoi e than ^-'^ m;n'?t'js a'^t.^r the teriperatures 
lovoled off an<i in most casoG ^mdei^ vird^ent knockun};; couditi.ons 
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this t-^jn.j was loss t-ian ? minutes- This period of timo v;as 
rr::ater in evory case than wuld be experienced durinr the 
riorr.al take-off period of most airplanes. Tn this respect 
th^se data do not show tlie teraperature trends that would occur 
pvoi* a period of hours. Tv.stf3 conducted elsewhere in i/'^hich 
knocking conditions wore ruaintaincd for hours havo shown v^ry 
fradual 'tcmpt^ratur^^^-ricc .-.;ff.:cts, Thero is vivid. :.nc j to show, 
as ytlII be r-f -.rr^d to later in the report, that this gradual 
temper r:ture ris^:- may bo caused by th.i of. feet of knocking com- 
bustion upon the lubrica ting-oil film which norr^ally seals 
th.:j piston rir<?s- In this cas^-. ths ^:;radual doUrioration of 
piston-ring staling would causo a gradual increase in piston- 
rinf blow-by and conscquonbly cylind-T te-ir.P'.ratuTos. 

The engine porfori?ancj is shovm in figure 15 • Th^^ dif- 
ferences in povjCiT output snd voluinetric efficiency obtained 
with the three fuels ar^-; difficult to explain from the charac- 
teristics of the fuels alono. This variation in po?/er is not 
of particular interi;st, however, inasmucli as these t:.st5 w.;re 
made to doterynine the engine p rforniance and the engine tem- 
peratures as affected by different depreH^s of knock. The 
curves of fieur- IJ are par biculerl.y sii'jnif icant in several 
respects* The fact that the powjr did not fall off an appre- 
ciable araount, even though violent audible. Icnock vras encountered^ 
is contrary to rmblisnf.d inf oririetion (ref - T'-inc .s 8 and 19). 
This result possibly indicates that riarked reductions in power, 
which nay be accompanied by knock, may have? boon cause^d, in 
somi; cases, by pr'./ipnition rath-r than fu.l knock. In 
figure 13 the small drop in power is fully accounted for by 
the change in Ihe rate of rise of the volumetric efficiency 
that accompanies violent knock • TJhether the lowered volu- 
metric ef fici. ncy can be t;xplained by the rise in combustion- 
cliamber tempoTatur.i is uncertain. 

In MacCoull's tosis (reference 8) thv; power was shown to 
decrease v/hen knock was oljserved. The knockinp condition 
i^-as reaciird by raisinf^ the cempreseion retio. In this case, 
any decrease resultinp; from knock in the weight of air inducted 
will causal a rnorvj pronounced loss of powt.T %'?hon plottud against 
compression ratio than a^fainr^t induction pressure. The curve 
of comjDression ratio plotted agcdnst pov/:;r is [generally ratlicr 
flat at the biRh:-;r ratios and little reduction in power is 
required to cav.se the; curv\2 to peak and fall off. 

Figure I'i shoves the cylinder temperatures corresponding 

to the: performance of figure IJ. Of particul^ir iiiterest is 
i^e small rise in temi.)^-:ratures abov.. tlie normal tr.mperature 
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curve up to th^^ point at v/hich the j-n^licated m^rm effectlvo 
preosure has bc-^n iucrt;a3ed about 1? parc^-mt aoove the .first 
indication of aadiblc knock. In fjcneral, tho t5nr[;oratures 
ro5o rather f'^.pidl^r when th3 indicati^d mean offt;ctivo pros- 
svire was increased .^'ron a valuo of 12 percent to a value of 
20 pcirccnt a Dovo th^.> audible pir^kinp lev;";].. This go^neral 
behavior of tamper ataircs has also boon' observed on thv-^ 
liquid-cooled Lycomng 0~1?30 cylindar. In no car.c did th<^ 
temperatm-'GS of tho combustion chambor of tho T>ycorAing 
cylinder riso abov3 the normal tamper atiu^e curvt:; yjlien changing 
frora thr nonla^'.ockinn to the audj.blo j<:noclrinf3 rogion. 

The cur^rjg of fif^ure Ik shov-r, in g;anoral, a snail drop 
in teraperai-ur*; at or just precodiag audible knock. This 
di'op in t^jnp.:;raturo has also boon obs . rvod on the LycoTT}ing 
cylindvor. Unions t':jinperatares aro tyikon at snail iricroiiit^nts 
of inl^^it pr-)S3\xr<: p its pr 3';;nco may tav: ov;^rlooked. Tho 
temperature curvos are faj..i'ly .smooth up to zh^: knock region 
and from tfu-jro on ai\*i variabl-^. Th jse curvos al:j0 dt-rnonstrabo 
that tho toiTifXirature rise a'-ovo tho normal cviVVij is not a 
good indication of fuul knock onl-^sa cevors knocking is being: 
oxporioncod. This fact j.s r; articulately trau for tho loadod 
fu.jl. 

Figuro 1J| sho77s that thv; ten? :rr atur-i^ of the spark-plug 

clectrodo incr^jasos about Vi pore ^nt fro^i audibly pin!:inc 
to violent knoclcing^ as comparod .vith 5 percent for t/no 
v-xhau-3t ond-gas zom. This ovid^iuccj Vv-:rifies to sonc ^-jxtont 
tho stat jr;,;nt , as nas boon poinLt^d out in r^f^^ronco r:0 and 
elsewher^^, ti::it tho maximum tf^^^p^^ratur 3S in knocking cosiibus- 
tion are found not in that part oT the mixtm^e to knock but 
in thc;; first part of tht.^ mixture to bo inflaFt^sd. 

Rassv.^oilor and ^'/ithrow (roforenco ?0) sho-v th.at tho 
inaxiinuni tern^^o?'atur'3 rino of the ga3cs in tli: firing :;nd of 
tho combustion chamb:;r is only about ^ percent j^roator 
during knocking? combustion tif:an ^irinf-^ normal ccribiistion 
and is about tho S'lirui during knocking conbustinn as dju-lng 
norinal co^ibuwition froui J-^^ A.,T.C» to tho end of tho powor 
stroko. At tK: c- nt^^r of thj co^vil ustion chan-iler thj 
t:irrrocraturo ris^; of tho gasos is only about 2^ pore at 
groator during Icnocking cornbustion th-.in during nor^-val com- 
bustion and, from 20^ to 120^ ?loT»C., thc^ flam:; taiiporatur os 
aro sonowhat lov/or during knocking coi^ibaotiorr than during 
nopjr.al combustion. In tho Gad aon^:, it is s!iov;n that, froiii 
50° to 120° A.T.C*, tho flam:^ to^f^ioraturos aro also somewhat 
lovrvr duririg Icnocking coFibustion than d].nu.ng normal cotu- 
bastion. '/iliothor tho lovTorod flarac^ t^.-:ip<jrat-?H*cs follovving 
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Icnockinn; combustion nre causr-'d by e>:cnr:r'i^.^o heat loss darlnc 
the pnriod of nnxiinura temncraturey or by other i-earion^ i::; not 
cloar, Midcjjley and I^cCarty (rni^rence 7) and oth-rs have 
shown that radiant hoat incrc^ascs ?rhen tho combustion charjoG 
from the nornal lo the knocking phase. As concna^nG the 
cylin:^or-cooling j>roUlcin, the inforr'ation of referenco 7 cn 
flaiie temp'-^ratvire during and followinj; knocking combu^jtion 
suojtcuitia'tes th«? snai:f c^Cfect on cylinder tnmp^vraturas obs-^rved 
in the present totitr?. 

It is generally' accepted that the; shock Y/vives during 
laiockinf; cu(;^buBtion ^^ay cause very high rates of heal transfer 
froru thR z^z:is to the combustion-chavnhf^r -alls during th^ short 
period of knock. These high rates of heat application ioay 
bo sufficient under certain operating conditions to monentari.ly 
soften the surf ace of aluMinurn alloys. Although the thermal 
conduction ani coclin{^ afforded the^e surfaces tliroughout the 
rest of each cycle is apparently sixfficient to caur>e early 
solidification of the surface metal, it xh possible that the 
lilv7:h inertia forces acting on the piston surfaces during knock 
may tear a/ ray s/nall particles of the softened surface and tnus 
cause the eroded appearance often present after prolonged 
periods of kn^Jckin^ combustion. Gylinder-vrill toriperatures 
^Ticasured near the conbustinn-cha)^!'er garfa.co indica.te only tlie 
average teranerature of the engine c^'Cle and th\is provide little 
indication of the instantaneous sarfnce tomporatiu^os 'during 
i-oiQckinE corabusticn* 

Sparlc-plug overheatinr during knocking operation has been 
attri>ut^d to hi^^h ratec^; of heat flew caused l>y shock waves- 
Tlie fjresent results show an inap;'reciable rise in spark-plun; 
te:vperat.ure ifith knocking operation, regardless of whether the 
S;'>ark plu^ is looated in the end zone or liot. At UiaL, expe- 
rience has sh.T^Tn that passages ydiich conPiect recer^ses ^ith tlie 
combustion chamber soiTVitrnes overheat. This overheating is 
aLtritubed to the fiei/v of gases through the passages as caused 
by pressure chanfjes throughout the cyclf^ rather than by tlie 
oscillations resulting froia knock. 

In reference the state^tent is niade that experience 
has shoim the efrect of fuel knock on the h^at losses to bo 
si^iall. Additional data are presented in figure l-> showing 
the effect of Unlock on the heat florj- to the jac]:et. These 
data show no marlrod i^reak in the curve ?dien knock is encoun- 
tered, , 

Some evi lence exists to indicai-e that fuel kaock ^lay 
af f^^ct cylinder teraperatures through the sticking of piston 
rings, which results in excessive b].o^'f-by. Rxperience at 
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imj., has ahOT-m that piston rin-js have a much greater tendency 
to sticlr^ even at lew outputs^ during loioclc testing than 
tim-'ing nojm^al operation. The oil conjixuption of engines io 
knowx'to Increase cUiring Inioclcing operation. One explanation 
for tills Inc/^eaBod cons'i:imptlon is that more of the oil on the 
upper cylinder walls and ring halt is "burned away and leaves 
residues which accelerate ring sticking. 

The data indicate tliat nodorate audihlo knoc:rin3 prohahly 
has little iirffned-iate effect in creating hot spots or in causinfl 
oui'faco ignition. In general these tes-^.s show that^ if a 
rap-'d rise in cylinder toijiperatux-es pre:iodes cylinder failare^ 
preignltion rather t>ian knoolc uiay he the cause of failure. In 
iua?\y cases ^ the simultaneouB occux^reace of curfaco ignition 
and fuel knock has undouotedly confused the analyses of enjino 
failuioes. 

The test data of figures 13 and 14 have heen Included to 
Illustrate independently of nurfac:-? ignition the effects of 
violent Imockin^; on cylinder temp^^raturac. More extensive 
tests under iiiore sev.?rc knoclring conditions \^^dld hring out 
liioi^e clearly the effects of vtolfinx knockiag on the rine in 
cylinder temperatures and vcr^ll aloo iniicate th-^ str^ength 
liruitations caused by the preB3U3'T>a involved. The impor- 
tance of knowing the effect of ex":reiiely violent knocking on 
hoth the cylinder temperatiu-^cs anci the cylinder stresses 
arises from the use of very rich fuel irnviuures to obviate 
fuel knock and overheat ing at high outputs. If rich mixtures 
are employed to the fullest extent, a m-'^xentary reduction^in 
the fuel supplied causes violent knocking and possible failujre, 
Wiethor failure from knock will occur as a result of mechanical 
limitations^ of hi^h temperatures and preignition^ or of both, 
depends upon the conditions of operation. A great deal of 
expcrlc^nce has r^pparently been gained in this field but few 
test data arc available, Cwlns to the namber of conflicting 
variables^ little reliable information can be obtained without 
systen^tic test woik. 

Effect of Cylinder Tomporatures on Fuel BInock 

Considerable data are available showing the effect of 
coolant temper'ature on fuel knock. Some of those data are 
Gu:-.imarisod in reference 4, in which the conclusion is dra^Tn, 
tiia" the coolant temperature has about the sair.e effect on 
fuel Imock as has the inlet-air temperature. 
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Cylinder teniperatures affect Imock mainly 'by varying the 
end-gas temperatiu^e , This temperature will vary vltli any 
factor that affects the heat exchange "between t?ie cylinder 
and the charge. The degree of tiorljulence^ the siirface-volurae 
ratio of the combustion ch^iber, and the location and shape 
of the end zone are some of the Important factors involved. 
Additional data on this suh^ect are shovn in flgiire 18, This 
infcjrraatlon indicates a relatively siTiall effect of ccmbustion- 
chsjater srxrface temperature on fuel loxoclc, contrary to the 
concliision draxm in reference 4* 

The actual temperatviros of the surfaces in the end zone 
prohatly have a much greater effect on knock than the average 
surface temperature of the carat ust ion chanber^ The heat 
ahstx-acted fro':!! the cylinder mils diirirg the intake and com- 
pression strokes is probahly small "because^ in the usual case^ 
the charge temperatui^e during intake and compr'^esion is little 
"below that of the average fox- the cylinder surfaces. During 
combustion and during the resulting compression of the end 
gaSj heat is lost to the corubustion-ch^ir'ibor siu^faceG, As the 
gases in the end zone are at a comparatively high tc^mperature 
Just before ccTibustlon is completed^ it is apparent that, if 
the end- zone vail surfaces are cool^ the heao flow to the 
walls will be rapid and an effect on knock will res:J.t, If 
a very hot surface, nuch as an ezhauet valve ^ lies in the end 
zone, hcvever, little end-gas cooling will ro.Gult and the 
tendency for fuel knock will be increased. 

These facts are well Imown, and designers have endeavored 
by various means to locate the end-gas zone in the coolest 

areas of the combustion chamber by suitably placing the spark 
plugs to dirnct the flame front. When two s';?ark plugs are 
used, the location of the end zone can be con broiled^ to some 
extent, by adn>nclng the Ignition of one epax^k pl^Jg vith 
rerjpect to the other. The location of tho -^nd-gas ^;one is 
also arfoctod by tho gas movement in the cylind??r. One nohemo 
for cooling th<j end ga-ses that h'-,.? been froq.uontly en^.ployod in 
automobile engines i'j to inoroa^^x the aurface- volumr^ ratio of 
the end -gas zone. This method incurs a grcator hcab loss to 
the coolant than othra-'wise and, for tliat reason, is not of 
interost to aircrafi:- engine designers* 

In the tests reported in reference 13, the temperature 
of an exhaust valve in which sodiira was used for cooling was 
reduced from approximately 1300^ to EOO^ F by removing the 
sodium and clrciilating water tliro-Agh tho valve. This tempera- 
tia''e reduction perinitted an increase in indicated mean effective 
pressure in tho lean-mixture range of approximately 10 percent 
for the same intensity of knock. The increase at rich mixt^oros 
was much smaller. 
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C^DiTCLTJBTONS 

ThG analysis of the data of this report and the acciJinu- 
lated data of other so'orcos may aUov/ the following general 
conclusions J 

1, The relationship 'oot^/een the curve of ignition tem- 
perature of a fuel-air mixtvxe plotted againot density and 
the curve of hot-spoo tenperatu.re plotted asainst density at 
the time of ignition may indicate whether dangerous preig- 
nition characteristics jnay he expected. If the fuel used 
provides for stable prei gnltion characteristics^ it may he 
pcssihle safel: to raise the general temperatixre level of the 
cylinder head^ or to increase the pover^ even though surface 
ignition is present. If the fuel provides for imstacle 
preignition characteristics, the remedy rmy lie in changing 
the fuel rather than in eliminating the sovorces of sui^faco 
ignition, 

2, Fuel knocK is accompanied hy a slight drop in cyl- 
inder toriporatures at or Just preceding audible knock:. For 
short in-ervala of time no appreclahle rise in comhustion- 
chamher temperatures ahove the normal rise caused hy increasing 
the inlet pressure and th.e poorer is caused hy fuel Imock Vintil 
the power is increased about 12 percent ahove that ootalned 

at the first indication of au/lihle knock. For short diurations 
it is therefore 'anlikely tliat modei-ate audicle knocking^ in 
itself, has much effect in creating hot spots or in causing 
s^orfacQ ignition. If a rapid rise in cylinder temperatures 
precedes cylinder failure^ preignition rather than knock may 
ho tiie cause of faili^re, 

3, The drop in power output or the increase in specific 
fuel consumption as caused ty knock alone is inapproclatle up 
to violent audihle kixock, 

4, A more direct means of cooling the overheated regions 
of the cylinder would permit raising the temperat^jires of the 
adjacent areas ^ which may now he over cooled. 

Alrc3?aft Engine Research Laboratory, 

National Advisory Coruiuittee for Aeronautics, 
Cleveland, Ohio, 
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HGURE 2 -LOCATION OF ThERMOCOUPLES ON T?1E WRIGMT C9GC CYLINDER. 
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Figure 3« - Effect of spark advance on inner--e\irfaoe tevperatures. 
Wright C9C^C oylinder; engine epeed» 2000 rpn; oonpreetlon ratio, 
7.0; inlet-air temperature, 1^0^ F; oooling-air pressure drop« 
6«7 inches of water; inlet*air pressure, 29*7 inphee Eg 
abeolute; fuel*air ratio, 0.078. 
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Figure 4. - If fact of tttn«tlqrl l*ad on cylinder tMiperatures. Vright C9^C oyiindltr; 
angina spaad, 2000 rpm; eo«praa«ura ratio, 7,0; inlet-air tanparature, 2^0^ T; oooXing 
air prasaura drop, 2*7 inohaa of vatar; indleatad aaan affaetiva pr9B9ur%, 93 pounda 
par aquara ineb. 
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Figure 5. - Effect of fuel on engine temperatures. Lycoming 
0-1230 cylinder; engine speed, 2000 rpm; compression ratio, 
8.17; inlet-air temperature, 86*^ P; coolant-outlet temperature, 
2^9* F; maximum temperature mixture. 
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Figure 6. - Curvee illustrating conditions controlling stability 
of preignition. 
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rigurt 6. - Concluded. 
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One-second lag Ignit Ion-point curves: theoretical mixtures 

with air 



A = Octane, B - heptane » C s hexane, D = pentane» E ^ i80«* 
octane, F = diisopropyl ether, G = propane, H = projpfylene. 

Values in circles denote known knock ratings. 
Inset (a)* Ignition-point curves: 1 s Bensene, 2 » methane , 

3 = acetone • 



(Reproduced from reference 11.) 
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Figure 6. - Ignltlon-temperattire curves for Isoootane axA benzene. 
Ignition lags as shovn. Curves from figure ?• 
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Figure 9. - Variation of the exponent n of the expreeaion 
T 3 cl'^ with mixture ratio for an inlet-air tenperature of 
150^ F. Lycoming 0-1230 cylinder; engine apeed, 2000 rwa* 
cofflpreaaion ratio, 7.0; eoolant-outlet tesperature, 250^ r. 
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Figure 10. - Diagrain showing the tffeot of different degrees of 
thermal isolation of the tip of the spark-plug center electrode 
vith respect to the peraissible operating range. 
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Figure 11. - Effect of coolant-outlet temperature on engine 
temperatures. Lycoming O-I230 cylinder; engine speedy 
rpm; compression ratiOp 8.17; inleVair temperature, 86^ F; 
maximum temperature mixtxure. 



NACA 



Fig, 16 




120 ikO 160 180 200 220 2kO 260 260 300 
Coolant-outlet temperature, ® F 
Figure 16, - Effect of coolant temperature on maximum performance 
aa limited bj knock, Lycoming 0-1230 cylinder; inlet-air 
temperature, 86^ F; maximum temperature mixture. 



